Bardet-Biedl syndrome (BBS) is a human genetic disorder resulting in obesity, retinal degeneration, polydactyly, and nephropathy. Recent studies indicate that trafficking defects to the ciliary membrane are involved in this syndrome. Here, we show that a novel complex composed of three chaperonin-like BBS proteins (BBS6, BBS10, and BBS12) and CCT/TRiC family chaperonins mediates BBSome assembly, which transports vesicles to the cilia. Chaperoninlike BBS proteins interact with a subset of BBSome subunits and promote their association with CCT chaperonins. CCT activity is essential for BBSome assembly, and knockdown of CCT chaperonins in zebrafish results in BBS phenotypes. Many disease-causing mutations found in BBS6, BBS10, and BBS12 disrupt interactions among these BBS proteins. Our data demonstrate that BBS6, BBS10, and BBS12 are necessary for BBSome assembly, and that impaired BBSome assembly contributes to the etiology of BBS phenotypes associated with the loss of function of these three BBS genes.
T he primary cilium is a microtubule-based subcellular organelle that projects from the surface of the cell. It plays an essential role in the transduction of extracellular signals (1, 2) . In vertebrates, loss of cilia or ciliary dysfunction leads to various defects such as situs inversus, polydactyly, neural tube defects, and obesity (2) (3) (4) . Ciliary dysfunction is also involved in several human genetic syndromes (2, 3) . Bardet-Biedl syndrome (BBS) is one of the most studied human genetic disorders associated with ciliary dysfunction. Individuals with BBS display retinal degeneration, obesity, polydactyly, hypertension, hypogonadism, renal anomalies, and cognitive impairment (5) (6) (7) . BBS displays autosomal recessive inheritance with extensive genetic heterogeneity.
BBS proteins are required for the maintenance of ciliary structure and function. Mutation of BBS genes in mice results in absence of flagella in spermatozoa (8) (9) (10) and abnormalities in cilia in brain ependymal cells, airway epithelial cells (11, 12) and olfactory neurons (13) . At the molecular level, BBS proteins are involved in protein/vesicle trafficking along microtubules. For example, knockdown of BBS genes in zebrafish results in delay in retrograde melanosome transport, which is mediated by dynein motor proteins along the microtubule (14, 15) . In C. elegans, mutations in bbs1, bbs7, or bbs8 cause defects in the movement of the intraflagellar transport (IFT) subcomplexes inside the cilium (16) . During the last decade, twelve BBS genes (BBS1-12) have been identified (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) . More recently, hypomorphic mutations in two additional genes (MKS1 and CEP290) were reported to be associated with BBS, representing BBS13 and BBS14, respectively (27) . Null mutations in MKS1 and CEP290 cause Meckel-Gruber syndrome, a related but more severe disorder (28) (29) (30) . Seven of the known BBS proteins (BBS1-2, BBS4-5, BBS7-9) have been shown to form a stable complex, the BBSome, and this complex is proposed to function in vesicle trafficking to the ciliary membrane through a Rab8-mediated mechanism (31) . Consistent with this, several G-protein-coupled receptors failed to localize to neuronal cilia in Bbs2 and Bbs4 null brains (32) . In addition, we have recently demonstrated that one component of the BBSome, BBS1, directly interacts with the leptin receptor and that leptin signaling is attenuated in BBS gene knockout mice, implicating BBS function in a broad range of membrane receptor signaling (33) .
Three of the remaining BBS proteins (BBS6, BBS10, and BBS12) have sequence homology to the CCT (also known as TRiC) family of group II chaperonins (17, 24, 25) . CCT proteins form an ≈900 kDa hetero-oligomeric complex that mediates protein folding in an ATP-dependent manner (34, 35) . The CCT complex consists of two stacked rings, each of which is composed of radially arranged eight subunits (CCT1-8). Although mutations in BBS6, BBS10, and BBS12 account for ≈30% of the mutational load in BBS, the roles of these proteins have not been well characterized. More specifically, it is unknown (i) whether these chaperonin-like BBS proteins interact with each other and form a multisubunit complex or function individually in a common, linear pathway, (ii) whether they indeed have molecular chaperone function, and (iii) if so, which proteins/processes are regulated by these proteins. In addition, although chaperoninlike BBS proteins are not components of the BBSome, the phenotypes of Bbs6 null mice and human patients with mutations in BBS6, BBS10, or BBS12 genes are similar to mice and human patients with mutations in BBSome components (6, (8) (9) (10) . The overlap in phenotypes implies that the functions of chaperoninlike BBS proteins are closely related to those of other BBS proteins. However, the details of the functional relationship and mechanism of action are unclear.
Here we address the functional relationship among chaperoninlike BBS proteins and BBSome proteins. We describe a complex composed of three chaperonin-like BBS proteins and six CCT chaperonins. This complex associates with a subset of the BBSome subunits and mediates BBSome assembly. We also explore the role of CCT with respect to BBS.
Results
Identification of the BBS/CCT Complex. We tested the hypothesis that three chaperonin-like BBS proteins interact with each other and form a multisubunit complex. In transient transfection and coimmunoprecipitation (IP) assays, we found that BBS12 interacts with BBS6 and BBS10 (Fig. 1A) . Myc-tagged green fluorescent protein (GFP) was used as a negative control and did not interact with these proteins. To test whether these interactions occur at physiological conditions, we transfected low levels of FLAG-BBS12 and probed its association with endogenous BBS6 and BBS10. As shown in Fig. 1B , endogenous BBS6 and BBS10
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proteins were coimmunoprecipitated with BBS12, indicating that BBS12 associates with BBS6 and BBS10 in vivo.
Next, we sought to isolate chaperonin-like BBS protein complexes with their associated proteins. To this end, we generated a stable cell line expressing both Myc-BBS6 and FLAG-BBS12. Protein complexes containing both BBS6 and BBS12 were isolated from this stable cell line by sequential purification using anti-FLAG and anti-Myc affinity gels. Isolated proteins were analyzed by SDS/PAGE and mass spectrometry (MS) (Fig. 1C) . In addition to BBS6 and BBS12, three additional protein bands were copurified. Analysis by MS revealed that two of the bands contain six CCT chaperonin proteins (CCT1, CCT2, CCT3, CCT4, CCT5, and CCT8), and that the remaining band is BBS7 (Table S1 ). Although we could not detect BBS10 in our MS analysis, its presence in this complex was confirmed by immunoblotting (Fig.  1D) , suggesting that BBS10 exists at a substoichiometric ratio or only transiently associates with the complex.
To determine the supramolecular organization of these proteins, we loaded partially purified BBS12-containing protein complexes onto a Superose-6 column and performed size exclusion chromatography (Fig. 1E) . BBS12 was found in a wide range of fractions presumably because of overexpression. However, copurified BBS6, BBS7, BBS10, and CCT proteins showed more distinct elution profiles. They were all eluted in the same fraction with an estimated molecular weight of 770-1,000 kDa. This observation suggests that the three chaperonin-like BBS proteins, BBS7, and six CCT proteins form a multisubunit complex (the BBS/CCT complex). BBS6, BBS10, and BBS7 were also found in additional fractions with molecular weight of 260-340 kDa and a large portion of BBS10 was eluted as monomeric and dimeric forms. The latter pool may represent BBS10 dissociated from BBS12 after purification. Unlike BBS6 and BBS10, CCT proteins were found only in the larger protein complex. These data are consistent with the three chaperonin-like BBS proteins along with BBS7 forming a subcomplex and this subcomplex forming a larger BBS/CCT complex together with six CCT family chaperonins.
To test whether BBS6, BBS10, and BBS12 form the BBS/CCT complex in vivo, we performed size exclusion chromatography analysis with extracts from mouse testis and eye. Protein extracts were loaded onto a Superose-6 gel filtration column and elution profiles of BBS6 and BBS10 were analyzed by immunoblotting (Fig. S1) . Consistent with the results from cultured cells, BBS6 was eluted as a complex with an estimated molecular weight of 770-1,000 kDa, and a subset of BBS10 was found in the same fractions in the testis. The majority of BBS10 was found as a monomeric form or in relatively small complexes with molecular weight ranging from 75 to 110 kDa. These data are in good agreement with the data obtained from the cell line (Fig. 1E) and indicate that the BBS/CCT complex indeed exists in vivo. In contrast, the 260-340 kDa subcomplex containing BBS6, BBS7, BBS10, and BBS12 was not detected in the testis or eye extracts, suggesting that only small amounts of such subcomplexes exist in vivo and/or that the equilibrium was biased toward the subcomplex because of over-expression of BBS6 and BBS12 in the cell line. Because CCT chaperonins also constitute the CCT complex, which does not contain chaperonin-like BBS proteins and is likely to be more abundant than the BBS/CCT complex, the elution profiles of CCT1, CCT2, and CCT3 in Fig. S1 are likely to reflect more of the CCT complex than the BBS/CCT complex. However, the elution profile of the BBS/CCT complex (e.g., BBS6 and BBS12-associated CCT chaperonins in Fig. 1E ) is identical to that of CCT, implying that the BBS/CCT complex may have a similar structure to that of CCT, a two-tier ring configuration (35, 36) .
Requirement of Chaperonin-Like BBS Proteins for BBSome Assembly.
BBS7 was previously found as a subunit of the BBSome. Interestingly, BBS7 was also isolated as a component of the BBS/CCT complex ( Fig. 1 C and E). This observation raised the possibility that chaperonin-like BBS proteins may interact with some of the BBSome subunits and assist in their folding and/or in BBSome assembly. Indeed, when BBS7 was tandem affinity purified, components of the BBS/CCT complex were copurified in addition to BBSome subunits ( Proteins partially purified by anti-FLAG affinity gel were fractionated by Superose-6 size exclusion chromatography. Elution volumes and approximate molecular weights of fractions where BBS proteins were found were denoted at Top. Void volume was ∼7.6 mL.
Fractions were immunoblotted for Myc (BBS6), FLAG (BBS12), BBS10, BBS7, CCT1, CCT2, and CCT3.
purification of BBS5, also a component of the BBSome, resulted in isolation of only BBSome subunits. These findings are consistent with the idea that the BBS/CCT complex selectively and transiently associates with BBS7 and dissociates before complete assembly of the BBSome. It also should be noted that like BBS10, the presence of BBS2 in the BBS/CCT complex was demonstrated by immunoblotting (Fig. 1D ). To systematically investigate the interactions between chaperonin-like BBS proteins and BBSome subunits, we transfected BBSome subunits (BBS1, BBS2, BBS4, BBS5, BBS7, BBS8, and BBS9) with each of the chaperonin-like BBS proteins and conducted co-IP experiments.
In these analyses, we found a physical interaction between BBS2 and BBS6 (Fig. S2B) . We also found that BBS10 interacts with BBS7 and BBS9 and that BBS12 interacts with BBS1, BBS2, BBS4, BBS7, and BBS9 ( Fig. S2 C and D) . These results indicate that chaperonin-like BBS proteins interact with a subset of the BBSome subunits.
To test whether chaperonin-like BBS proteins are required for BBSome assembly, we investigated the BBSome assembly in Bbs6 null mouse tissues (9) . Mouse testis and eye extracts were applied to a Superose-6 gel filtration column, and elution profiles of the BBSome subunits were examined (Fig. 2) . In wild-type tissues, all BBSome subunits examined (Bbs1, Bbs2, Bbs4, Bbs7, and Bbs8) were eluted with the same elution profiles, indicating that they are associated with each other. However, in Bbs6 null testis and eye, Bbs1, Bbs4, and Bbs8 were eluted with distinct elution profiles. In the testis, the elution profiles of Bbs1 and Bbs4 were more widely spread over many fractions. A subset of Bbs1 and Bbs4 appeared to be aggregated or "misassociated" with unknown proteins. The elution of Bbs8 was shifted to later fractions (smaller molecular weights). In the Bbs6 null eye, elution profiles of Bbs1, Bbs4, and Bbs8 were all shifted to smaller but nonoverlapping molecular weight fractions. These data demonstrate that Bbs1, Bbs4, and Bbs8 are not associated with each other in Bbs6 deficient cells. In addition, Bbs2 and Bbs7 protein levels were severely reduced in Bbs6 null testis and eye ( Fig. 2 and Fig. S3A ). Although the amounts of Bbs1 and Bbs4 were not as severely reduced as Bbs2 and Bbs7, these proteins also showed a notable reduction in Bbs6 null eye and testis (Fig. S3A) . To investigate whether BBS gene expression is decreased in Bbs6 null mice, we compared the mRNA levels of BBS genes (Bbs1, Bbs2, Bbs4, and Bbs7) between wild-type and Bbs6 null eye and testis. Quantitative PCR results indicated that there are no significant differences in mRNA levels of BBS genes in Bbs6 null mice (Fig. S3B) . These data show that Bbs6 is required for the stability of Bbs2 and Bbs7, possibly by mediating their association with other BBSome subunits. Combined, our data indicate that Bbs6 is required for BBSome assembly and stable expression of Bbs2 and Bbs7.
Intriguingly, the elution profiles of the BBSome subunits were significantly different between the testis and the eye even in wildtype mice (compare Fig. 2 A and B) , whereas that of Bbs6 and CCT chaperonins was identical in these tissues (Fig. S1 ). The BBSome in the testis (670-880 kDa) was notably larger than the BBSome in the eye (340-450 kDa), where the estimated molecular weight of the BBSome is in good agreement with the calculated molecular weight of the BBSome (∼470 kDa). In addition, the elution profiles of Bbs1 and Bbs4 from Bbs6 null eye and testis were also different. These observations suggest that the conformation and/or composition of the BBSome vary in different tissues and that the fates of the BBSome subunits in the absence of Bbs6 also differ depending on the cell type.
The requirement of BBS10 and BBS12 for BBSome assembly was determined in HEK293T cells depleted of these proteins using RNA interference (RNAi). The efficiency and specificity of gene knockdown was confirmed by quantitative PCR and immunoblotting (Fig. S4) . In these and control cells, HA-BBS9 was transfected and its association with other BBSome subunits was analyzed by IP (Fig. 3A) . In accordance with the previous study (31) , BBSome subunits BBS1, BBS2, BBS4, and BBS7 were coprecipitated with BBS9 in control cells. In contrast, association of BBS2 and BBS7 with BBS9 was greatly reduced in BBS6-, BBS10-, or BBS12-depleted cells. Association of BBS1 with BBS9 was moderately or only slightly reduced, and interaction between BBS4 and BBS9 was not affected in these cells.
Interaction domain-mapping experiments revealed that BBS2 interacts with BBS6 through its central coiled-coil domain (Fig. 3  B and C) , whereas the C-terminal α-helix-rich domain of BBS2 is essential for interaction with BBS7 ( Fig. 3 B and D) . Consistent with the requirement of BBS6 for BBS2-BBS7 interaction, BBS2 coiled-coil domain deletion mutants, which are not able to interact with BBS6, showed a markedly reduced ability to interact with BBS7 (Fig. 3D) . Combined, these data demonstrate that BBS6, BBS10, and BBS12 are required for complete assembly of the BBSome.
CCT Chaperonins Localize to Centrosomes and CCT Activity Is Essential for BBSome Assembly. As many BBS proteins including BBS6, BBS10, and BBS12 have been found in centrosomes (21, 31, 37-39) (Fig. S5A) , we examined whether CCT proteins also localize to centrosomes. With indirect immunofluorescence microscopy, all CCT proteins tested (CCT1, CCT2, CCT4, CCT5 and CCT8) showed abundant expression in the cytoplasm (Fig. S5B) . Of note, with the exception of CCT2, we detected enrichment of each CCT protein in the centrosome. These data indicate that a subset of CCT proteins localize to the centrosome. Interestingly, BBS7 and CCT1, but not other BBS or CCT proteins, localize specifically to the "mother" centriole in ciliated cells, suggesting that BBS7 and CCT1 may have independent roles in the basal body (Fig. S6) . Immunoblotting results indicated that each of the CCT antibodies recognizes a single protein with predicted molecular weight in ARPE-19 cells (Fig. S5C) .
Next, we examined whether CCT chaperonins are required for BBSome assembly. To this end, we blocked the expression of CCT1, CCT2, and CCT3 by transfecting siRNAs into HEK293T cells and measured BBSome assembly as described above. Compared to control cells, association of BBS2 and BBS7 with BBS9 was markedly decreased in CCT1-, CCT2-, and CCT3-depleted cells (Fig. 4A) . Similar to the results from cells depleted of chaperonin-like BBS proteins, BBS9-associated BBS1 and BBS4 protein levels were moderately or only slightly reduced in CCT1-, CCT2-, and CCT3-depleted cells. BBSome assembly was relatively weakly affected in CCT3-depleted cells, presumably because of less effective knockdown of CCT3 expression compared with CCT1 and CCT2.
Recent proteomic interaction studies determined a group of proteins as potential CCT substrates, and many of them contained β-propeller domains (40) (41) (42) . Because BBS7 contains a β-propeller domain and is copurified with the BBS/CCT complex, we tested whether BBS7 associates with CCT independently of chaperonin-like BBS proteins. Indeed, CCT chaperonins were coprecipitated with endogenous BBS7 (Fig. 4B) . However, in BBS6-, BBS10-, and BBS12-depleted cells, CCT chaperonins associated with BBS7 were markedly decreased. These findings indicate that CCT activity is essential for BBSome assembly and that chaperonin-like BBS proteins mediate the association of BBS7 with CCT chaperonins.
Having established a role for CCT1, CCT2 and CCT3 in BBSome assembly in cultured cells, we next examined the in vivo roles of these proteins in zebrafish. We previously demonstrated that knockdown of BBS genes results in the reduction or loss of Kupffer's vesicle (KV) and delays in melanosome transport. These phenotypes are shared among all BBS genes tested (14, 15, 31) . To test whether knockdown of cct genes in zebrafish results in these BBS phenotypes, we designed anti-sense morpholino oligonucleotides (MOs) directed against the cct1, cct2 and cct3 transcription start sites. KV size at the 8-10 somite stage (10-12 h postfertilization) and melanosome transport at 5 days postfertilization (dpf) was assessed in MO-injected embryos (morphants). Knockdown of cct1 and cct2 generated KV defects and cct2 morphants displayed melanosome transport delay (Fig.  4 C and D and Table S2 ). Specificity of gene knockdown was confirmed with a second cct2 MO (splice-block MO) that also generated KV defects and melanosome transport delay (Table  S2) . Furthermore, we observed melanosome transport delay in homozygous genetic mutants for cct2 (43) . Because of severe defects induced by cct1 knockdown, a low MO dose was used, and cct1 gene knockdown may not be efficient at day 5 to disrupt melanosome transport. cct3 Morphant phenotypes resembled that of cct3 genetic mutant (Fig. S7) (44) ; yet, cct3 morphants did not display statistically significant KV or transport defects. Of note, knockdown of cct1, cct2, and cct3 leads to additional, overlapping phenotypes in the zebrafish embryos, including brain abnormalities, small eyes, and cardiac edema (Fig. S7) Table S2 . **P < 0.01 determined by Fisher's exact test compared with control MO-injected group. (D) Retrograde melanosome transport is delayed in cct2 morphants and genetic mutants. Melanosome transport is assessed by monitoring melanosome trafficking in the head region of zebrafish (Top). Below are representative images of the boxed area with dispersed melanosomes of dark-adapted zebrafish before epinephrine treatment (Middle) and contracted melanosomes after epinephrine induced transport (Bottom). Rate of melanosome transport to the endpoint (perinuclear distribution) is noted in seconds on y-axis. Data are represented as mean ± SEM. **P < 0.01, determined by one-way ANOVA and Tukey test. (Scale bar, 100 μm.) also shared by cct genetic mutants (43, 44) . Together these results indicate that at least a subset of cct proteins interact with the BBS pathway in vivo.
Disease-Causing Mutations Found in BBS6, BBS10, and BBS12 Disrupt Interactions Among Their Encoded Proteins. We investigated the impact of human mutations found in BBS6, BBS10, and BBS12 genes. We generated missense variants of BBS6, BBS10, and BBS12 (Fig. S8A) and examined their ability to interact with other BBS proteins. Of the mutations we tested in BBS6, the L277P mutation moderately affected interaction of BBS6 with BBS2 (decreased to 42% of wild-type; Fig. S8B ). The T57A and L277P mutations greatly reduced the ability of BBS6 to interact with BBS12 (4% and 18% of wild-type, respectively; Fig. 5A ). Many BBS10 variants tested had moderately reduced ability to interact with BBS7 and BBS9 compared with wild-type (Fig.  S8C) . However, V240G, S311A, and S329L mutations in BBS10 severely reduced the interaction of BBS10 with BBS12 (8%, 19%, and 15% of wild-type, respectively: Fig. 5B) . Although mutations at amino acid D81 have not been reported in human BBS patients, this residue is part of the ATP binding pocket of CCT family chaperonins and is partly conserved in BBS10 (24, 36) . In addition, mutations in this residue in GroEL group I chaperonin convert it to a dominant negative form, which is able to bind nonnative forms of substrates but not release them (45) . Thus, we introduced a point mutation in this residue of BBS10 and tested its effect on protein-protein interactions. The D81N mutation greatly decreased all interactions of BBS10 with BBS7, BBS9, and BBS12 ( Fig. 5B and Fig. S8C ), indicating that the D81 residue may be required for overall BBS10 protein conformation rather than required for ATP binding and substrate folding. In BBS12, all mutations tested either abolished or significantly reduced the interaction between BBS6 and BBS12 (Fig. 5C ). Most BBS12 mutant variants (except P159L) also showed significantly decreased interaction with BBS7 (Fig. S8D) . The interaction between BBS10 and BBS12 was not affected by these mutations. In general, disease-causing mutations in BBS6, BBS10, and BBS12 have a more severe impact on interactions among chaperonin-like BBS proteins, whereas interactions with BBSome subunits are relatively mildly affected. These results suggest that many human mutations found in BBS6, BBS10, and BBS12 genes disrupt physical interactions among them and that formation of the multimeric complex of BBS6, BBS10, and BBS12 is critical for their function.
Discussion
The BBSome is an ≈470 kDa protein complex composed of seven BBS proteins (31) . The BBSome has been proposed as the functional unit that mediates vesicle trafficking to the ciliary membrane. Loss of any proteins in this complex abolishes the functionality of the BBSome, as shown by the similar phenotypes of BBS patients and BBS animal models with inactivation of different BBS genes. Although BBS6, BBS10, and BBS12 are not components of the BBSome, mutations in these genes also lead to the same phenotype as loss of BBSome subunits. However, the functional relationship between these two groups of BBS genes has been elusive. In this study, we demonstrate that chaperoninlike BBS proteins (BBS6, BBS10, and BBS12) are required for BBSome assembly (Fig. 5D) . BBS6, BBS10, and BBS12 form a higher-order complex in conjunction with six CCT chaperonin proteins. These BBS proteins also interact with a subset of BBSome subunits and mediate their association. In murine tissues, inactivation of Bbs6 causes reduction of Bbs2 and Bbs7 and failure of association of the remaining BBSome subunits. Depletion of BBS6, BBS10, and BBS12 in cultured cells also leads to failure of BBSome assembly. Our study indicates that the lack of a functional BBSome in the absence of chaperoninlike BBS proteins is the cause of BBS in patients with mutations in these genes.
Our study also demonstrates previously unrecognized in vivo roles of CCT in ciliary function. First, six CCT proteins form a complex with chaperonin-like BBS proteins, and this complex mediates BBSome assembly. Second, although CCT proteins are relatively abundant cytosolic proteins, a subpopulation of at least four CCT proteins localizes to the centrosome. Indeed, centrosomal localization of CCT chaperonins has been previously reported in both immunological and biochemical studies (46, 47) . Finally, knockdown of cct1 and cct2 in zebrafish leads to BBS-like phenotypes. Combined, these findings indicate that CCT chaperonins are essential for BBSome assembly and normal ciliary function.
Although BBS6, BBS10, and BBS12 form a complex with CCT chaperonins, they do not appear to be conventional chaperonins that promote protein folding with ATPase activity. For example, the ATP binding motif, which is essential to induce changes in protein folding and highly conserved in all CCT proteins (36), is either not conserved (BBS6 and BBS12) or only partially conserved (BBS10) (17, 24, 25 ATPase activity. Instead, BBS6, BBS10, and BBS12 mediate the association of BBS7 with CCT chaperonins, thus acting as substrate binding subunits of the chaperone complex. The protein folding activity is likely to be accomplished by CCT proteins. Interestingly, BBS6, BBS10, and BBS12 are vertebrate-specific BBS genes, and their homologs are not found in invertebrates. In contrast, BBSome constituting BBS proteins are conserved in all ciliated organisms including Caenorhabditis elegans and Chlamydomonas reinhardtii. BBS6, BBS10, and BBS12 might have evolved in vertebrate to mediate the association of CCT chaperonins with β-propeller domain containing BBSome subunits such as BBS2 and BBS7. It is an interesting question as to whether, in invertebrates, CCT chaperonins do not need BBS6, BBS10, and BBS12 to interact with BBSome subunits or the BBSome assembles without molecular chaperone functions. In addition, the composition of the BBSome appears to vary depending on tissues. How the BBSome is assembled and whether there are tissue-specific variations in BBSome with functional ramifications are important remaining questions.
Materials and Methods
HEK293T cells were cultured in DMEM (Invitrogen) with 10% FBS (Invitrogen). Small interfering RNAs (siRNAs) were purchased from Dharmacon. Antibodies against BBS1, BBS2, BBS4, and BBS7 were described previously (31) . Sources of other antibodies are in SI Methods. For protein-protein interaction studies, cells were lysed in the lysis buffer (20 mM hepes pH 7.5, 150 mM NaCl, 2 mM EDTA, 0.5% Triton X-100) supplemented with Complete Protease Inhibitor Mixture (Roche Applied Science). Lysates were subjected to immunoprecipitation with indicated antibodies for 2 h or overnight at 4°C. SDS/PAGE and immunoblotting was performed following standard protocols. Size exclusion chromatography was performed using Superose-6 10/300 GL column (GE Healthcare). MO injection and analysis of KV and melanosome transport in zebrafish was performed as previously described (14, 15) . For details, please see SI Materials and Methods.
